In the yeast Saccharomyces cere isiae, trehalose is synthesized by the trehalose synthase complex in two steps. The Tps1 subunit catalyses the formation of trehalose 6-phosphate (Tre6P), which is dephosphorylated by the Tps2 subunit. Tps1 also controls sugar influx into glycolysis ; a tps1 deletion strain is therefore unable to grow on glucose. It is unclear whether this regulatory function of Tps1 is mediated solely by Tre6P or also involves the Tps1 protein. We have developed a novel sensitive and specific assay method for Tre6P. It is based on the conversion of Tre6P into glucose and glucose 6-phosphate with purified phosphotrehalase from Bacillus subtilis. The glucose formed is measured with the glucose-oxidase\peroxidase method. The Tre6P assay is linear in the physiological concentration range. The detection limit, including the entire extraction procedure, is 15 nmol, corresponding to an intracellular concentration of 100 µM. To modify Tre6P levels in i o, we expressed B. subtilis phospho-
INTRODUCTION
In the yeast Saccharomyces cere isiae, trehalose is synthesized from UDP-glucose and glucose 6-phosphate (Glu6P) through the action of a large enzyme complex consisting of four different types of subunit [1] [2] [3] [4] [5] . The Tps1 subunit catalyses the formation of trehalose 6-phosphate (Tre6P), which is then dephosphorylated to trehalose by the Tps2 subunit. The Tsl1 subunit and its homologue Tps3 have a regulatory function. A major function of trehalose is to protect cells during periods of stress against the denaturation and aggregation of proteins. Concomitantly with this function, yeast cells accumulate trehalose when exposed to adverse conditions such as nutrient depletion or heat stress [6] .
As well as its role in trehalose synthesis, Tps1 has an additional function in the regulation of sugar influx into glycolysis [7] [8] [9] . Cells lacking Tps1 show a massive accumulation of sugar phosphates on glucose-containing media, which causes lethality. This seems to be due to overactive hexokinase activity because the deletion of HXK2, encoding the most active hexokinase, restores growth on glucose [10] . A proper control of glucose influx into glycolysis seems to be important because of the special design of glycolysis [11] . Different models have been proposed to explain the involvement of Tps1 in sugar-influx control [9] . Tre6P, the product of Tps1, was found to inhibit the hexokinases ; and this might prevent the overflow of glycolysis [12] . Tps1 might have an additional function, apart from its catalytic function, in restricting glucose influx into glycolysis. In support of the latter are results obtained with a yeast strain with decreased Tps1 levels [13] and with permeabilized cells of tps1 mutants [14] .
Abbreviations used : Fru1,6bisP, fructose 1,6-bisphosphate ; Fru6P, fructose 6-phosphate ; Glu6P, glucose 6-phosphate ; PNPG, 4-nitrophenyl glucopyranoside ; Tre6P, trehalose 6-phosphate ; TPS, Tre6P synthase. 1 To whom correspondence should be addressed (e-mail johan.thevelein!bio.kuleuven.ac.be). Key words : glycolysis, sugar influx, trehalose synthesis.
The studies on the role of Tps1 have been hampered by the lack of a specific and sensitive Tre6P assay [15] . At present three Tre6P assay methods exist. The first consists of the consecutive extraction of cells with trichloroacetic acid and ether, followed by precipitation with barium acetate and anion-exchange chromatography [16] . The final preparation is then dephosphorylated with alkaline phosphatase, after which glucose is determined with the glucose-oxidase\peroxidase method. The extensive manipulations required render this assay method impracticable for the analysis of large numbers of samples. The same holds true for the second method, which makes use of HPLC [3, 13] .
A third method is based on the inhibition of hexokinase activity by Tre6P [12] . The level at which cell extracts inhibit the phosphorylation of fructose to fructose 6-phosphate (Fru6P) is used as a measure of the Tre6P content of the extract. With this method the intracellular Tre6P concentration in exponentially growing cells was estimated to be approx. 200 µM. However, the specificity of this method is questionable because other factors might influence the activity of hexokinase and\or its sensitivity to Tre6P. As pointed out by the authors, the presence of glucose, for instance, suppresses inhibition by Tre6P. We have developed a novel Tre6P assay that is specific and sensitive and permits the routine analysis of large numbers of samples. We made use of phosphotrehalase from Bacillus subtilis, which converts Tre6P into glucose and Glu6P.
B. subtilis uses the phosphotransferase system (' PTS ') for uptake and phosphorylation of trehalose. The resulting Tre6P is then hydrolysed to glucose and Glu6P by phosphotrehalase [17, 18] , a specific phospho-α-(1-1)-glucosidase (EC 3.2.1.93). Phosphotrehalase is a 64 kDa protein encoded by the TreA gene.
Phosphotrehalase activity in B. subtilis is induced by trehalose and repressed by glucose, fructose and mannitol. Besides Tre6P, the enzyme can use 4-nitrophenyl glucopyranoside (PNPG) as substrate, but not trehalose. With PNPG as substrate, the activity is stimulated by high salt concentrations and has a pH optimum of 4.5 [17] .
MATERIALS AND METHODS

Purification of B. subtilis phosphotrehalase
A PCR fragment encompassing the gene encoding phosphotrehalase from B. subtilis was synthesized from the TreAcontaining pSG2 plasmid (a gift from M. K. Dahl) as template and the primers 5h-TGGTGGATTAATATGAAAACAGAAC-AAACGCCATGGTGG-3h (AseI site underlined) and 5h-TTA-ACAGCTCTTCCGCAAACGATAAACAATGGACTCATA-TGGGCG-3h (SapI site underlined). It was cloned into the Nde1 and SapI sites of the Escherichia coli expression vector pCYB1 (New England Biolabs). After transformation in E. coli, expression was induced with 0.5 mM isopropyl β--thiogalactoside (' IPTG ') for 3 h. Cells were lysed in 25 mM Bis-Tris, pH 7, containing 10 mM KCl, 1 mM CaCl # , 1 mM MgCl # ; phosphotrehalase was purified by the method described by Gotsche and Dahl [17] with some modifications. In brief, extracts were clarified by ultracentrifugation and purified by consecutive chromatography on a mono Q anion exchanger (APBiotech) and a Superdex 75 gel-filtration column (APBiotech). The anion exchanger permitted the separation of phosphotrehalase from intrinsic glucose 6-phosphatase activity. To exclude contamination of the phosphotrehalase preparation with glucose 6-phosphatase, both activities were assayed during purification and only fractions free of the latter activity were processed further.
Phosphotrehalase assay with PNPG as substrate
PNPG-hydrolysing activity was determined by adding an appropriate volume of cell extract or purified enzyme to 200 µl of PNPG (500 µg\ml in 50 mM Bis-Tris, pH 7) and measuring the increase in A %"! after incubation for 30 min at 37 mC. One unit of phosphotrehalase hydrolyses 1 nmol of PNPG\min at 37 mC.
Phosphotrehalase assay with Tre6P as substrate
A 25 µl sample of an appropriate dilution of phosphotrehalase was added to 25 µl of Tre6P (25 mM in 50 mM Bis-Tris, pH 7). The mixture was incubated for 1 min at 37 mC and the reaction was stopped by heating. Glucose was subsequently assayed by the glucose-oxidase\peroxidase method.
Yeast extraction procedure
Samples were taken and processed for Tre6P and other metabolites as described by de Koning and Van Dam [19] . In brief, yeast was grown overnight in 1.5 litres of synthetic glycerolcontaining medium to a D '!! of 3 and harvested ; 4 g of cells (wet weight) was resuspended in 30 ml of the same medium. Samples of 3 ml were taken before and at different time points after the addition of 100 mM glucose (final concentration) and quenched in 10 ml of cold methanol (k40 mC) ; cells were harvested by centrifugation at k20 mC and extracted by shaking with glass beads in 1 ml of 1 M HClO % . After high-speed centrifugation, extracts were neutralized with K # CO $ and used for the assay of metabolites as described [19] or for the assay of Tre6P. Yeast strains and plasmids S. cere isiae strains used in this work are shown in Table 1 . The following plasmids were used : pSG2-TreA, pCYB-TreA (present study), pYX212 (R&D systems), pYX232 (R&D systems), pTPS2 [5] , pYX232-TreA and pYX212-TreA. The last two yeast TreA expression vectors were constructed by amplifying the TreA coding region from the original pSG2-TreA vector by using the following primers : 5h-TGGGGATCCATGAAAACAGAAC-3h and 5h-ACGCTCGAGTTAAACGATAAAC-3h (BamHI and XhoI sites underlined). The resulting PCR product was cloned in the BamHI and XhoI sites of the pYX vectors.
Preparation of NH2-SPE2 ion-exchange columns
NH2-SPE2 resin (25 g ; International Sorbent Technologies, Mid-Glamorgan, U.K.) was resuspended in 150 ml of methanol and divided over several 3 ml columns. The columns were washed with 3 ml of methanol, twice with 3 ml of 0.5 M acetic acid and finally with 3 ml of water. Extract (750 µl) was applied to the dry column, which was subsequently washed with 3 ml of 20 % (v\v) methanol. The column was eluted with 2 ml of 2.5 M ammonia, which was removed from the eluate by freeze-drying.
Tre6P standard curve
For the determination of Tre6P recovery and standard curves, extracts from tps1∆ cells grown to exponential phase in synthetic medium with glycerol were prepared as described above. Tre6P, at concentrations ranging from 50 µM to 8 mM, was added to the cells before the addition of HClO % .
RESULTS AND DISCUSSION
Development of a novel Tre6P assay
We have developed a Tre6P assay based on the conversion of this compound into glucose and Glu6P by purified phosphotrehalase, followed by the determination of the glucose produced with a glucose assay. It was therefore essential to remove the glucose present in the extracts before the assay. This was achieved by the separation of Tre6P and other negatively charged molecules from uncharged molecules, such as glucose, on an NH2-SPE anion-exchange column. Extracts (750 µl) were loaded on this column and, after washing, Tre6P was eluted with 2.5 M ammonia solution, pH 12.5. After evaporation of the ammonia, the sample was redissolved in 2 ml of 50 mM Bis-Tris, pH 7. No glucose could be detected in this sample, whereas less than 1 % of Tre6P was lost during this procedure. The resulting glucose-free preparation was incubated for 2 h at 37 mC with purified phosphotrehalase at a final concentration of 1 unit\µl. However, when increasing amounts of extract were 
Figure 2 B. subtilis phosphotrehalase enzyme is functional when expressed in yeast
Wild-type and tps2∆ strains were transformed with either the empty vector (left panel) or the phosphotrehalase-expression vector (right panel) and plated at 1 : 4 dilutions on synthetic medium containing galactose. Plates were incubated at either 30 or 37 mC as indicated. Tps2∆ cells do not grow at 37 mC. This growth defect is rescued by phosphotrehalase expression.
added, a clear inhibition of the phosphotrehalase reaction was observed. Inhibition was apparent when extract from 150 mg of cells (wet weight)\ml of reaction volume was used and up to 60 % inhibition was observed when extracts from 400 mg of cells (wet weight)\ml were used (results not shown). Therefore extracts from 100 mg of cells (wet weight)\ml of reaction mixture were used. In an attempt to circumvent the inhibition of phosphotrehalase by yeast extract, we tested whether the addition of 1 M NaCl, which has been shown to stimulate the enzyme [17] , could counteract this inhibition. Although we confirmed the NaCl-induced stimulation (6-fold stimulation at 1 M NaCl) with PNPG as substrate, we did not observe any stimulation with Tre6P as substrate (results not shown).
We introduced a second chromatography step on an NH2-SPE2 column after the incubation with phosphotrehalase to separate the glucose produced from all other components. At this point the glucose formed in the phosphotrehalase reaction was recovered quantitatively in the flowthrough and the wash with 20 % (v\v) methanol and could be determined with the glucose-oxidase\peroxidase method [20] . Therefore after chromatography samples were dried, redissolved in 250 µl of 50 mM Bis-Tris, pH 7, and assayed for glucose, either undiluted or diluted 1 : 4 or 1 : 24.
To evaluate the accuracy and reproducibility of the method, a Tre6P standard was prepared and, before extraction with HClO % , mixed with tps1∆ cells, which cannot synthesize Tre6P. Subsequently, the Tre6P was determined by the normal procedure. The results showed that the assay is linear in a physiologically relevant concentration range (Figure 1 ) and has a detection limit of approx. 100 µM (estimated intracellular concentration). The S.E.M. values on the slope and the intercept of the four independent standard curves were 2.3 and 8.5 % respectively, indicating that the assay is highly reproducible. The recovery of the extraction procedure was also determined by adding known concentrations of Tre6P to extracts of tps1∆ cells and assayed for Tre6P by the above described protocol. This indicated a recovery (meanspS.E.M.) of the complete procedure of 27p2 %. However, recovery of the HClO % extraction method itself amounted to 57p4 % (as assayed with glucose), indicating a satisfactory recovery of approx. 50 % for the procedure involving both anion-exchange columns and the phosphotrehalase reaction.
Modification of Tre6P levels in yeast
To investigate a possible regulatory role of Tre6P in yeast, we decided to change Tre6P concentrations in i o by the expression of B. subtilis phosphotrehalase. Therefore the TreA open reading frame was cloned into the yeast expression vector pYX212. To check whether phosphotrehalase was expressed as a functional protein in yeast, we made use of the fact that high concentrations of Tre6P are toxic to yeast cells. A yeast strain from which the endogenous Tre6P phosphatase (encoded by the TPS2 gene) has been deleted cannot grow at 37 mC because it hyperaccumulates Tre6P under this condition, whereas growth at 30 mC is normal (Figure 2 ). Both the expression of Tps2 and the expression of phosphotrehalase in this strain restored growth at 37 mC, indicating the functional expression of phosphotrehalase in yeast with our expression system.
A tps2∆ strain also displays very high basal levels of Tre6P (approx. 1.5 mM) that increase further to 2.5 mM after the
Figure 3 Phosphotrehalase expression drastically lowers Tre6P levels in tps2∆ cells but not in wild-type cells
Wild-type (#,$), tps2∆ (=,>) and tsl1∆ tps3∆ ( ,) strains either transformed with the empty vector ($,>,) or with the phosphotrehalase expression vector (#,=, ) and the tps1∆ strain with the empty vector as control (4) were grown on synthetic medium containing glycerol. At zero time, glucose was added to a final concentration of 100 mM. At the indicated time points samples were taken and assayed for Tre6P, Glu6P, Fru6P, Fru1,6bisP, ATP and P i , as indicated.
addition of glucose. In a wild-type strain the basal Tre6P level is only approx. 200 µM [12, 13] . The expression of phosphotrehalase decreased both the basal and glucose-induced levels in the tps2∆ strain to less than wild-type values (Figure 3) . Surprisingly, however, the expression of phosphotrehalase in wild-type cells remained without influence on Tre6P levels. This was true both for the basal level and for the glucose-induced increase to approx. 1.5 mM. In contrast with phosphotrehalase, the overexpression of Tps2 lowers Tre6P levels in both tps2-deleted and wild-type cells (Figure 4 ). Wild-type cells contain a TPS complex composed of Tps1, Tps2 and Tsl1 [5] . Deletion of Tps2 is known to destabilize this complex. Our results therefore fit with a model in which Tre6P would mainly be sequestered within this complex. This would explain why Tps2, which is directed into the complex, is able to degrade Tre6P, whereas phosphotrehalase, which is not part of the complex, is not. In a tps2∆ strain in which the complex is destabilized and into which Tre6P can freely diffuse and is hence accessible, phosphotrehalase can decrease Tre6P levels. Another way of destabilizing the complex is by deleting both Tsl1 and Tps3 subunits. However, such a strain has much lower Tre6P levels (Figure 2 ), which might not be degraded efficiently by phosphotrehalase.
The addition of glucose to cells of a tps1∆ strain results in hyperaccumulation of the initial sugar phosphates in glycolysis, especially fructose 1,6-bisphosphate (Fru1,6bisP), and a rapid depletion of ATP and P i (Figure 3 ) [9] . In a tps2∆ strain the glucose-induced increase in the sugar phosphate concentrations is somewhat smaller, which has been ascribed to the elevated Tre6P level [13] . However, in the present experiments this effect was very limited in spite of a clearly higher basal and glucoseinduced Tre6P level (Figure 3) . Expression of phosphotrehalase in the tps2∆ strain caused a marked decrease in the Tre6P level ; the glucose-induced increase was clearly very small compared with that in wild-type cells (Figure 3) . In spite of this, only a
Figure 4 Tps2 overexpression drastically lowers Tre6P levels in both tps2∆ cells and wild-type cells
Wild-type (#,$) and tps2∆ (=,>) strains either transformed with the empty vector ($,>) or with the Tps2 overexpression vector (#,>) and the tps1∆ strain with the empty vector as control (4) were grown on synthetic medium containing glycerol. At zero time, glucose was added to a final concentration of 100 mM. At the indicated time points samples were taken and assayed for Tre6P, Glu6P, Fru6P, Fru1,6bisP, ATP and P i , as indicated.
limited increase in Glu6P, Fru6P and Fru1,6bisP was observed in comparison with the levels in wild-type cells. In particular the Fru1,6bisP level was still much lower than that in the tps1∆ strain. In addition, the ATP level decreased more than in the wild-type strain but it also recovered very fast. These results indicate that a low Tre6P level is enough to control glucose influx into glycolysis and in particular that most of the glucose-induced increase in Tre6P is not required to limit glucose influx. In addition, in the tsl1∆ tps3∆ strain, with or without the expression of phosphotrehalase, the glucose-induced increase in Tre6P was strongly decreased compared with that in the wild-type strain. In spite of this, no significant difference in the sugar phosphate levels was observed, although the ATP level decreased much more ( Figure 3) .
The overexpression of Tps2 strongly decreased the Tre6P level in the tps2∆ strain as well as in the wild-type strain (Figure 4) . In both cases this caused an increase in the Fru6P level and a more limited increase in the Glu6P and Fru1,6bisP levels compared with the strain without overexpression of Tps2. In particular, for Glu6P and Fru1,6bisP the differences were small in view of the marked decrease in Tre6P concentration. In addition, the ATP level was more sensitive than the increases in the sugar phosphates (Figure 4) . It dropped to similarly low values to those in the tps1∆ strain. Although these results also indicate that a decrease in Tre6P levels causes a faster accumulation of sugar phosphates during the initiation of glycolysis, the effect caused by the marked decrease in Tre6P seems rather limited. It never matched the effect of deleting Tps1.
Surprisingly, the overexpression of Tps2 in wild-type cells, which results in very low levels of Tre6P even after induction with glucose (Figure 4) , does not prevent the growth of the cells on glucose-containing medium ( Figure 5 ). This means either (1)
Figure 5 Low Tre6P levels in Tps2-overexpressing cells do not prevent growth on glucose-containing medium
Wild-type, tps1∆ and tps2∆ strains were transformed with either the empty vector (left panels) or the phosphotrehalase-expression vector (right panels) and plated in 1 : 4 dilutions on synthetic medium containing the indicated carbon source. Plates were incubated at 30 mC.
that the very low Tre6P levels, present in Tps2-overexpressing cells are sufficient to sustain growth on glucose or (2) that the Tps1 protein itself is sufficient to sustain growth on glucose.
